The concentrations of 54 elements of the millipede Chamberlinius hualienensis and the soil including leaf litters were examined using inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS). In all the millipedes, the Ca concentration derived from the calcium carbonate in the exoskeleton was the highest, at an average of 76 mg/mg-weight, and the other major elements were the following: Mg, K, Na, Fe, Al, Cu, Zn, Sr, Ba, Mn and Ti (Ͼ1 ng/mg-weight), whereas Ni, Cr, V, Ga, Mo, Co, Cd, etc. were at trace levels. Interestingly, the contents of Ca, Mg, K, Na, Zn, Sr, V, Co, Ag, and Sc in larvae were higher than in adult millipedes. Although the heavy metal contents, in the order of CuϾPbϾCd, were similar to those of other invertebrates such as chilopoda, collembola, and carabidae, there was a high concentration of Cu in the millipedes. The other internal metals, As and Ag, were dependent on the soil concentrations in the habitat. Zn concentrations at sampling sites were different, but a constant level was maintained in the millipede. The results suggest that millipedes may provide information on the accumulation or regulation mechanism in the body for certain hazardous heavy metals. The C1 chondrite normalization pattern for lanthanoid series elements in both the millipede and soil indicated that the environmental habitats were well protected from pollution. The characteristics of internal elements and metal accumulation in the millipede in terms of relation to the habitat would be useful information for environmental pollution studies.
INTRODUCTION
Soil invertebrates have often been used as bioindicators for environmental pollution caused by heavy metals such as Cd, Cu, Pb, and Zn because their habitats are in close contact with contaminants in soils. The accumulation levels of heavy metals in earthworms are commonly used as risk assessments for environments or invertebrates eating animals (Roberts and Johnson, 1978; Ireland, 1979; Beyer et al., 1985; Heikens et al., 2001) . Millipedes inhabit the same areas as other invertebrates and they are distributed widely around the world.
Millipedes discharge odorous secretions that cause headaches and unpleasant feelings for humans (Eisner et al., 1978; Mori et al., 1994; Noguchi et al., 1997a) . Recent studies demonstrated that the odorous compounds are different according to sex and habitat (Noguchi et al., 1997b; Taira and Arakaki, 2002; Taira et al., 2003) . Such studies for active compounds in the millipede have elucidated much detailed information. However, knowledge regarding the essential elements or heavy metals is only provided for hazardous heavy metals like Cu, Cd, Pb, and Zn, and only for a few species of millipedes, and the amount of physiological data is yet insufficient (Beyer et al., 1985; Hunter et al., 1987; Gräff et al., 1997) .
In Okinawa, Chamberlinius hualienensis Wang belongs to Polydesmida: Paradoxosomatidae migrates during the rainy season (from May to the end of June) and/or during the reproductive period (Higa et al., 1992) . The millipede is found in damp areas and feeds on fallen or withered leaves in the soil. Its lifecycle is one year, and therefore slight changes in the environment over the short-term period are reflected in the body. In the present study, the internal elements of the millipede collected from non-polluted fields were examined by ICP-AES and ICP-MS.
MATERIALS AND METHODS
A mix standard (U, Be, Bi, Ce, Co, In, Pb, Mg, Ni) and other authentic elements were obtained from AccuStandard Inc. (CT, USA) and Wako Pure Chemical Industries, Ltd. (Osaka, Japan). These were used to make calibration curves. Reagent grade water with a resistance of 18.2 MW made using a Milli-Q water purification system (Millipore Co., MA, USA) was used for all experimental preparations. Nitric acid, hydrogen peroxide and ethanol were of analytical reagent grade.
In the autumn of 2000, adults and 7th stage larvae of C. hualienensis were collected at Ginowan and Haebaru in Okinawa, Japan. Each insect was weighed and its sex was determined by the presence (male) or absence (female) of gonads. The millipedes were defecated for at least 1 d, and then individually preserved in 70% ethanol until measurement. The adult millipedes collected at Ginowan were 237Ϯ45 mg (meanϮS.D., nϭ3). The Haebaru samples were 190 mg (mean, nϭ2) for adults and 75Ϯ9 mg (meanϮS.D., nϭ3) for 7th stage larvae. Soil samples of 1 cm in depth from surface including leaf litters as the possible food source of the millipedes were collected at five points in each sampling area. The soil samples were mixed and air-dried. Pebbles were filtered out and the soil samples were then ground in an agate mortar.
Each millipede together with the ethanol solution was transferred into a Teflon beaker, and 5 ml of nitric acid (60%) was added. The mixture was covered with a watch glass and then carefully heated until the brown-colored gas was dissipated. After cooling the sample solution, the addition of 2 ml hydrogen peroxide (30%) completely decomposed the sample. The soil sample (500 mg) was broken down similarly to the millipede. Finally, all samples were adjusted to 50 ml with nitric acid (1%) for measurement using ICP-AES (Shimadzu ICPS-7000, Shimadzu) and ICP-MS (HP-4500 series, Hewlett Packard).
The concentrations of 49 elements in the millipede were determined using the ICP-MS with 72 Ge (10 ppb) and 103 Rh (10 ppb) as the internal standard. ICP-AES measurement with an internal standard Y (50 ppb) was applied to obtain accurate data for Ca, Mg, K, Na, and Fe because they are affected by interfering ions such as ArO Table 1 . Each elemental concentration in the sample was determined by three times measurements.
RESULTS AND DISCUSSION
The concentrations of 54 elements in the millipedes and soil samples were examined using ICP-AES and ICP-MS (Table 2 ). In the millipedes, Ca (av. 76 mg/mg-weight) occupied ca. 19% of the body weight, derived from the calcium carbonate in the exoskeleton (Hattori and Moriya, 1987) . The other major elements having values larger than 1 ng/mg-weight in all specimens were the follow-284 K. NAKAMURA et al. (Bowen, 1979) . Interestingly, the contents of Ca, Mg, K, Na, Zn, Sr, V, Co, Ag, and Sc in the larvae were higher than those in adult millipedes. Of these elements, Ca is a major element of the exoskeleton, thus other elements also may be required for developing the larvae with exfoliation. Environmental pollution studies in the field have been widely conducted using terrestrial invertebrates as the biological indicator (Ireland, 1979; Beyer et al., 1985; Hunter et al., 1987; Van Straalen and Van Wensem, 1986; Rabitsch, 1995) . The hazardous heavy metal concentrations in the millipedes were in the order of CuϾPbϾCd, which is similar to other invertebrates such as chilopoda, collembola and carabidae (Rabitsch, 1995) . In particular, Cu was found at a remarkably high concentration in the millipede; for example, the Cu content for dry-body weight was 7-, 3-and 32-fold higher than that for chilopoda, collembola and carabidae, respectively. A similar phenomenon was also observed in other species of millipede (Beyer et al., 1985; Rabitsch, 1995) . Interestingly, the Cu and Pb concentrations in the soil at both sampling sites were close, but the amount of Cu accumulated was more than 100-folds that of the Pb in the millipedes, and the internal concentration of Cu was 4-11 times higher than that of the soil. On the other hand, the concentrations of Cr, Ni, and As in the body were 1/100-1/10 of the soil concentrations. As concentration in the Ginowan soil sample was three times higher than that of the Haebaru soil sample, the difference in environmental habitat was well reflected in the millipedes of both sampling sites. A similar phenomenon was also seen in the case of Ag. The results suggest that the millipedes may provide information on the accumulation mechanism in the body for certain toxic metals. Such physiological features of the millipede would be a useful index environmental pollution.
The Zn concentration in the soil from Ginowan was approximately five times higher than that of the Haebaru sample, whereas all millipedes from both habitats had nearly similar concentrations. Zn is an essential element for various physiological functions related to metabolism. Heikens et al. (2001) reported that Zn is maintained at a constant level in invertebrates, independent of the soil concentration. The millipede also maintains Zn in a range of 77-205 ng/mg-weight as an essential element in the body.
Recently, lanthanoid series elements such as Ce, Pr, and Nb are used as raw materials for industrial products such as glass stains, permanent magnets and condensers, which then make their ways into 286 K. NAKAMURA et al. (Kawasaki et al., 1998) . The lanthanoid series elements originate from meteorites and elements having even atomic numbers are more abundant than those of the adjoining odd atomic number by the Oddo-Harkins rule, which must be satisfied when the environment is well protected from pollution. The data are usually normalized by each lanthanoid series element in the C1 chondrite and are often applied for environmental assessment (Teranishi et al., 2003) . As shown in Fig. 1 , the C1 chondrite normalized lanthanoid series element patterns for both the millipede and soil sample were clearly expressed as decline lines accompanied by an increase in the atomic number. The results demonstrate that the environmental habitats were well protected from pollution.
In conclusion, it was determined for the first time that there are 54 elements in the millipede Chamberlinius hualienensis. Ca was the highest concentration, and other major elements included Mg, K, Na, Fe, Al, Cu, Zn, Sr, Ba, Mn, and Ti, whereas Ni, Cr, V, Ga, Mo, Co, Cd, etc. were found at trace levels (Ͻ1 ng/mg-weight). Internal As and Ag concentrations were dependent on the soil habitat. Zn concentration was maintained at a constant level as an essential element. The results suggest that the elemental contents of millipedes provide information on the accumulation and/or regulation mechanisms in the body for certain heavy metals, which would be useful information for environmental pollution studies. Fig. 1 . C1 chondrite normalized lanthanoid series element patterns in the millipede and soil. Each point is expressed as an average of the values obtained from the millipedes (᭺) and soil (᭹) at Ginowan, or the millipedes (᭝) and soil (᭡) at Haebaru.
